Background: Axon extension, an essential step
Caldesmon (CaD) was first identified as a smooth-muscle protein that binds calmodulin and actin (6) . It has since been found to be ubiquitously expressed in smooth muscle and non-muscle cells, and to regulate Ca 2+ -dependent actomyosin contraction (7, 8) .
CaD binds to the side of filamentous actin (F-actin) and inhibits actin-myosin interactions, as revealed by superprecipitation assays and actin-activated myosin ATPase activity (9) (10) (11) .
CaD binding also stabilizes F-actin filaments by enhancing actin-tropomyosin binding and preventing the actin-severing activity of gelsolin or cofilin (12, 13) . CaD plays important roles in migration of non-muscle cells via regulating actin-myosin system (8) . We recently reported that CaD is involved in detrimental glucocorticoid-induced effects during cortical brain development (14, 15) : glucocorticoids increase CaD levels, transiently retarding the radial migration of cortical neuronal progenitor cells. We also reported that CaD localizes to neuronal growth cones (16) . Thus, it seems that CaD plays multiple important roles in neuronal development. In this report, we demonstrate a novel role for CaD in axon extension via its N-terminal myosin-binding sequence.
EXPERIMENTAL PROCEDURES
Materials -The myosin II ATPase inhibitor blebbistatin, the myosin light chain kinase inhibitor ML-7, and the Rho-associated protein kinase inhibitor Y27632 were purchased from
Merck. The following antibodies were
anti-myc (9E10, Santa Cruz), and anti-GAPDH (FL-335, Santa Cruz). Anti-CaD antibody was generated as previously described (17) . Transfection -Hippocampal neurons prepared from rat embryos on E18.5 were transfected by the calcium phosphate method as described previously (18) . In brief, DNA-calcium phosphate precipitates were prepared using a calcium phosphate transfection kit (Invitrogen).
Cell
The hippocampal neurons were plated on a We therefore investigated CaD's function in neurite outgrowth by overexpressing or knocking down CaD in hippocampal neurons.
RESULTS

CaD
We used GFP-fused CaD (GFP-CaD), which has the same functions as endogenous CaD (14, 20) . GFP-CaD dramatically enhanced axon extension but did not significantly affect dendrite length as compared with the control, GFP (Fig 1F, G) . GFP-CaD also enhanced formation of filopodia-like protrusions from the soma and axon branches (Fig 1F) . These CaD-induced protrusions were composed of concentrated actin filaments and were distinct from the main axonal branches, which were filled with microtubules ( Fig 1H) . Knocking down the endogenous CaD decreased axon length, but not dendritic length (Fig 1I, J) , indicating that CaD accumulates in the distal axon of hippocampal neurons during their development and enhances axon extension.
CaD regulates axon development in cortical
NPCs -To monitor CaD's involvement in early events in neurite outgrowth, we used cortical neural progenitor cells (NPCs), which proliferate as non-polarized cells in the presence of basic fibroblast growth factor (FGF) (14, 21) .
Under basic FGF-free conditions, however,
NPCs stop proliferating and establish neuronal polarity with MAP2-positive dendrites and a tau1-positive axon (Fig 2A) . When CaD was knocked down with siRNAs in proliferating NPCs, tau1-staining showed that the establishment of neuronal polarity was significantly suppressed within three culture days under basic FGF-free conditions (Fig 2A,   B ). Even in polarized cells, the length of tau1-positive axons was significantly shortened by CaD knockdown (Fig 2A, C 
CaD-myosin interaction required for axon
extension -CaD has been reported to bind smooth muscle myosin at its N-terminus and F-actin at its C-terminus, suggesting that it functions to link these molecules (22) . In the growth cone of hippocampal neuronal axons, CaD colocalized with F-actin and myosin IIA/IIB, the major non-muscle isoforms of myosin II (Fig 3A) . To examine myosin and As with smooth-and skeletal-muscle myosins, CaD bound to HMM IIA and IIB, and CaD's C-terminal F-actin-binding domains were not necessary for these interactions (Fig 4A-C) .
Previous studies demonstrated that the 27-amino acid sequence in CaD's N-terminus (Tyr-21 to Lys-47 in human l-CaD) is necessary for binding to smooth-muscle myosin (24) .
N-CaD ∆21-47 fragment, in which this 27-amino acid sequence is deleted, did not interact with HMM IIA, and a CaD fragment including amino acids 1-47 was the minimum required for HMM IIA binding (Fig 4C, D) .
Importantly, N-CaD ∆21-47 fragment completely lost the ability to enhance axon extension (Fig 3C, D) , strongly supporting the idea that CaD is accumulated in the growth cone as an actomyosin component and enhances axon extension through direct interaction with non-muscle myosin II.
N-CaD exhibits the same effect as blebbistatin -To determine the significance of
CaD's interaction with myosin, N-CaD or C-CaD was transfected into A549 cells. CaD has been reported to stabilize actin filaments via its C-terminal F-actin-binding domains, causing thick actin fibers to form (25, 26) . In A549 cells, C-CaD strongly induced thick actin fiber formation (Fig 5A, B) . On the other hand, cells expressing N-CaD showed significant actin fiber loss and a flat cell shape with prominent lamellipodia (Fig 5A, B) . These effects were completely lost in A549 cells expressing an N-CaD ∆21-47 fragment lacking the 27-amino acid myosin-binding sequence (Fig 5A, B) .
Further, these morphological changes were very similar to those found in cells treated with the myosin II-inhibitor blebbistatin (Fig 5A) . These results suggest that CaD binds to myosin at its N-terminus, and that it inhibits myosin II function independently of its C-terminal F-actin-binding domains. (Fig 7A, B) . In GFP-CaD-transfected hippocampal neurons, however, blebbistatin did not further accelerate axon extension (Fig 7C, D) . Coupled with its effects on axon extension, blebbistatin induced morphological changes in the axonal growth cones, inducing a switch from lamellipodial to filopodia-like protrusions (Fig. 7E) . In the GFP-CaD-transfected neurons, axonal growth cones displayed a filopodia-like morphology without expanded lamellipodia, and their morphology was not affected by blebbistatin treatment (Fig 7E) . These findings indicate that blebbistatin and CaD enhance axon extension via the same pathway, through which myosin II function is inhibited. CaD (Fig 3C, D) , indicating that axon extension does not depend on the CaD-mediated physical bridge between myosin and actin.
DISCUSSION
In addition to axon extension, CaD induced formation of the filopodia-like protrusions from soma and axon branches ( Fig. 1F and Fig. 3E ).
CaD also enhanced filopodia formation in growth cones (Fig. 6 ). C-terminus of CaD, but not N-terminus, was required for both functions.
C-terminus contains some actin binding domains, which are necessary for stabilization of actin bundles (7, 8) , and the filopodia-like protrusion were composed of concentrated actin filaments (Fig. 1F) . These indicate that actin 
